This work evaluates methodologies for the detection of damage in prestressed concrete structures. The methods studied are the variation of the displacements and the curvature of the elastic, complemented by the use of thermographic images. To this end, these methods were applied on two prestressed concrete beams, built in the laboratory. The results obtained allowed to detect the presence of damage and to locate it with good precision. Although these methods have already been applied to reinforced concrete structures, no applications have been found to prestressed concrete structures. 
INTRODUCTION
Prestressed concrete is a material very used in the construction industry, being the structural typology of straight-axis beams one of its most common uses. These structures often suffer various types of damage throughout their service life, so it is extremely important to identify them, as far in advance as possible, for the purpose of taking subsequent interventions. The pathologies that may be present in prestressed concrete structures are varied; however, as in any concrete structure, the most common manifestation of them is through the appearance of cracks. This has led to several studies about the cracking of prestressed concrete, in different ages and for various causes (Karayannis y Chalioris, 2013; Dai et al., 2016; Tong et al., 2016) . Although, in many cases, a concrete structure with cracks may keep its structural function, depending on the stage of the damage and its speed of propagation; the mere presence of such cracks deserves attention, since they may involve a potential risk to the structure safety. In addition, in a cracked concrete structure (reinforced or prestressed), it is facilitated the access of corrosive agents that can reach the steel, with the aggravating factor, in the case of prestressed, that the steel is much more sensitive to the corrosion under tension (Bertolini et al., 2014) . One particular feature of prestressed concrete structures, compared to reinforced concrete structures, is that the prestressing action tends to keep the cracks closed, once the cause that Revista ALCONPAT, 7 (3), 2017: 262 -273 Methodologies for locating damage in prestressed concrete beams G. D. Ercolani, N. F. Ortega, D. H. Felix 264 originated them has disappeared. This makes difficult the visual inspections of the structure, as a first general diagnosis. In this way, arises the need of developing and/or validate methods that allow inspecting the health of structures, in order to first detect the presence of damage, then locate it and if possible quantify it. In the present work two methods of diagnosis, based on the static response of the structure and applied specifically to the detection of cracks by flexion, are studied in prestressed concrete beams. These methods are known as displacement variation method (DVM) and elastic curvature method (ECM). The implementation of these methods was carried out on two prestressed concrete beams, constructed in the laboratory. The mentioned methods have been studied by several authors, among which the works of (Pandey et al., 1991; Lu et al., 2002; Domínguez et al., 2007; Orbanich et al., 2009; Robles et. al., 2011; Dawari y Vesmawala, 2013; Ercolani et al., 2015) . However, no applications of such methods have been found on prestressed concrete structures.
EXPERIMENTAL METHODOLOGY
The laboratory tests were carried out on two beams of similar characteristics but damaged in two different positions: The Beam 01 in the central zone and the Beam 02 in a position close to one of the supports. The damages consisted of a discrete crack caused by the application of a point load.
Characteristics of the beams tested
The beams are composed of a precast concrete joist, of T section, to which a compression head of in situ concrete has been added, resulting in a beam of rectangular section. In order to obtain good adhesion between the in situ concrete and the precast concrete, an epoxy bonding was used. The total length of the beams is 2.20 m. The trajectory of the prestressed steel is straight. The cross-section of the beams is shown in Figure 1 . Revista ALCONPAT, 7 (3), 2017: 262 -273 Methodologies for locating damage in prestressed concrete beams G. C1950 Regarding the prestressing force, it is not known exactly, although it was estimated. Because a common initial tensile stress of prestressing steel is around 1000 MPa, and since the total steel section is 23.86 mm 2 , the total prestressing force results in 23900 N approximately. This uncertainty is also often in structures in service, where the prestressing force of design is known, but the prestressed losses have been incurred during its lifetime up to the time of the study. It should be noted that not knowing precisely the value of the prestressing force, is not a limitation for the application of the methods of damage detection used here.
Test on Beam 01
The beam was placed in a simply supported way, with a distance between supports of 2.00 m and it was subjected to a punctual load in the center of the span. A total of 10 fleximeters, with an accuracy of 0.01 mm, were installed equidistant from each other, which allowed measuring the vertical displacements as the applied load increased. The load was increased until it caused a discrete crack in the central area of the beam. In this instance, the depth reached by the crack and its maximum width in the lower zone of the beam was measured, as well as the precise position of the same. Then the beam was unloaded and it was observed, how, thanks to the action of prestressing, the crack was closed and the pre-load configuration was recovered almost totally. It should be mentioned that the increase in load was suspended when it was possible to observe a crack of significant magnitude with respect to the total height of the beam. Next, the already damaged beam was again subject to load, measuring the vertical displacements at the same points. The information obtained was then used for the application of the damage detection methods. Figure 2 .a) shows the Beam 01 being tested. In the same, it is possible to see the load press, the load cell and the fleximeters installed on the beam. Since the structure that supports the beam can also suffer deformations, two of the fleximeters were installed in coincidence with the supports of the beam, in order to be able to correct the readings of the displacements obtained. In Figure 2 .b) the crack can be seen for the maximum load applied with the indication of the depth reached, which was 0.062 m (a/h = 0.31). It should be mentioned that when this depth of crack was reached, the increase in the load was suspended since the magnitude of the crack was significant enough. The maximum width of the crack was 0.35 mm and its position originated at x/L= 0.485. Figure 3 shows the curves of vertical displacement vs. load applied, obtained for the two measurement points closest to the center, for the beam without previous damage (VSDP) and for the beam already cracked or with previous damage (VCDP). The symmetry of the displacements obtained can be noted since the crack originated very close to the center of the beam. For the loads applied on the beam without previous damage, a first zone of linear behavior and then a non-linear zone, which occurs from the beginning of the cracking, are observed. When the load was applied on the previously damaged beam, the curves of the displacements showed that they increased rapidly, but when the applied load approached the load that caused the crack, both displacement curves approached the same value. The latter indicates that the crack did not continue to spread. In addition, for detect discontinuities (cracks, different materials, etc.), on the Beam 01, another method of diagnosis of structural health was practiced, through the use of thermography (Tashan y Al-Mahaidi, 2014; Kabir, 2010; Abudayyeha et al., 2004) . For the damage to be evident in a thermographic image, it is necessary to have a heat transfer in the studied element, in this case in the mass of the concrete. In a structure separating two different climatic conditions, this may be sufficient to note the greater heat transfer that occurs through the damaged zone (Pérez y Piedecausa, 2016). In the case of a beam under external environmental conditions, the thermal gradient could also exist, for example, due to exposure to the sun. In the studied beam, because it was at a uniform temperature inside the laboratory, it was necessary to apply a heat on its surface, which was done through an electric heating screen. The beam was then observed using a thermographic camera (Testo-890) and the images were captured and then processed using the software IRSoft 3.1 and Mathematica (Wolfram, 2015) . It should be mentioned that the inspection was performed on the beam subjected to bending stresses, in order that the crack would be open with a maximum crack width of 0.30 mm. The results obtained for a maximum 
Test on Beam 02
The beam was simply supported, with a distance between supports of 2.00 m and was subjected to a punctual load in the center of the span. In the same way as for Beam 01, the vertical displacements were measured as the applied load increased. This load was limited so as not to cause damage on the beam. The beam was unloaded and then another point load was applied, in a position close to the right support. In this instance, the load increased until causing a discrete crack in that zone, of significant magnitude with respect to the total height of the beam. The depth reached by the crack was measured, as well as its precise position. Then the beam was unloaded and could be observed, how, thanks to the action of the prestressing, the crack was closed. Figure 5 .a) shows the already generated crack. The depth of the crack resulted in a ratio a/h= 0.535, at the relative position x/L= 0.80. Next, the already damaged beam was again subjected to a centered load, measuring the vertical displacements at the same points as for the condition without damage. Figure 5b) shows the curves of vertical displacement vs. load applied, obtained for the point of measurement closest to the position of the crack, for the beam without previous damage (VSDP) and for the beam already cracked or with previous damage (VCDP). It can be seen that the test performed on the beam without damage was kept within the zone of linear behavior, precisely in order to preserve the beam in such conditions. For this purpose, it was very useful to have the test information previously made on Beam 01.
DISPLACEMENT VARIATION METHOD
This method consists of finding the vertical displacements in the damaged beam and comparing them with those of the healthy beam. This parameter can be considered as an index of the variation in the rigidity of the structure and is defined as:
where wiCD is the vertical displacement of point i in the structure with damage and wiSD is the displacement of the same point in the structure without damage, both caused by the same increase in the applied loads. Graphing this difference of values in the vertical displacements, the presence of damage can be detected, observing the point at which the displacement variation is maximum. It should be mentioned that, in order to apply this method, it is necessary to have the magnitudes of the displacements of the healthy beam (wiSD), for the purpose of the comparison. This information can be available when inspections of the structure are made regularly or when the measurements can be made in other identical beams without damage. The application of this method was carried out from the experimental displacements of the structure when going from a load condition "A" to a load condition "B" (Ercolani et al., 2015) . In this case, the load condition "A" was considered, the corresponding to the point load of 7.79 KN and the load condition "B" for the point load of 9.67 KN. Figure 6 shows the graph obtained by applying this method for the Beam 01. It can be seen that the DVM can detect the presence of the damage and also locate it with good approximation. The real position of the crack in x/L= 0.485 is shown in the same graph, while the location x/L= 0.505 is obtained by applying the DVM. It can be seen in Figure 7 , a zone in which the displacement variation is negative, although very close to being zero; that is to say, in that area, the displacements of the damaged beam, due to the increase of the load, were slightly smaller than those of the beam without damage. This may be due to the fact that the damage in the beam is so significant that the displacements suddenly increase in the area closest to the crack, whereas the area farthest to the crack suffers few alterations. To provide additional information, it is included Figure 8 , in which the displacements caused by the increase of the load in the Beam 02 in both conditions, without previous damage (VSDP) and with previous damage (VCDP) can be seen. It can be observed that the maximum displacements increase towards the cracked zone, giving rise to the crossing of both curves of displacements. It should be mentioned that the number of measuring points on the beams and therefore the distance between them, was conditioned to the equipment available for this purpose. In this case, the measuring points were spaced each L/9 and it may be noted to be a suitable separation for the experimental application of this method, although a higher density of measurements may allow an even more accurate location of the damage (Ercolani et al., 2015) .
ELASTIC CURVATURE METHOD
The elastic curvature of a structure is given by:
where w is the displacement of the structure, M is the bending moment, E is the modulus of elasticity of the material and I is the moment of inertia of the section. Then EI represents the flexural rigidity of the structure and it can be seen that if the structure has localized damage, that rigidity will decrease at the site of damage and therefore, the magnitude of the curvature at that location will increase. In addition, when greater is the magnitude of the damage, greater is the increase in curvature. The calculation of the elastic curvature on the damaged structure can be carried out by measuring the displacements for a certain number of points of the structure and then, make an approximation by means of central finite differences, that is to say: in which s is the distance between two adjacent measurement points. In this way, the ECM consists in to measure the vertical displacements for a certain number of points of the structure and from them, obtain the curvature of the deformed structure, in order to detect anomalies in the same. Therefore, it can be noted that this method does not require knowing the displacement of the structure without damage, being this an important advantage with respect to the DVM, since it is frequently not available. In the cases under study, the precision of the measurements, as well as the separation between the measuring points, are conditioned to the equipment available for this purpose, and may not be the most convenient for the application of this method. However, to compensate for this, the method was not only applied to the already damaged beam but also it was applied to the beam in conditions without damage, in order to be able to compare the results in both conditions. In the same way as for the DVM, the application of the ECM was carried out from the displacements obtained in the structure, when going from a load condition "A" (point load of 7.79 KN) to a load condition "B" (point load of 9.67 KN). Figure 9 presents the application of the ECM for the Beam 01, for the conditions without damage and with damage. It can be seen that the ECM allowed to identify the presence of the damage in the Beam 01 and to approximate its location. The method gives the position of the damage in x/L= 0.51, which results in an absolute error of 2.5%, compared to the true location of the crack in x/L= 0.485. On the other hand, Figure 10 shows the application of the ECM for the Beam 02 in the conditions without damage and with damage. In this figure, it can be noticed that the ECM allowed to identify the presence of the damage in the Beam 02 and to have a good approximation of its location. The method gives the position of the damage in x/L = 0.78, which results in an absolute error of 2% with respect to the true location of the crack in x/L = 0.80. 
CONCLUSIONS
In this work was experimentally evaluated the potentiality of two damage detection methods based on static responses, applied to two prestressed concrete beams constructed in the laboratory. These methods are the displacement variation method and the elastic curvature method. In addition, infrared thermography was successfully applied to one of the beams for visualization of the damage. From the analysis of the results obtained, it can be concluded the following:
• The application of the two methods is simple in its implementation. In addition, they can be used together, if the necessary data are available, which allows a better diagnosis.
• As is to be expected, the prestressing force, tend to close the crack, so it makes the manifestation of damage, in both methods, less noticeable than in the case of reinforced concrete beams. However, this manifestation was sufficient to show the existence of damage, by the methods, for both the beam with a crack in the central zone and the beam with a crack in the vicinity of one of the supports.
• Regarding the determination of the damage position, the differences between the real position of the crack and the location indicated by the DVM were 2.0% and 3.0% for the beams 01 and 02, respectively. On the other hand, with the ECM, differences of 2.5% and 2.0% were obtained for these beams. These errors are within a range more than acceptable for an experimental work.
• It was demonstrated that the thermographic images processing can be a valuable tool for the detection of cracks or anomalies, as well as alterations in the homogeneity of the material. 
